and regression were used to study the agreement and correlation between organ and calculated doses. BlandAltman showed statistically significant bias between organ and calculated doses. The bias differed for different unit makes and models; Philips had the lowest bias, overestimating Dance method by 0.03 mGy, while general electric had the highest bias, overestimating Wu method by 0.20 mGy, the Hologic organ dose underestimated Boone method by 0.07 mGy, and the Fujifilm organ dose underestimated Dance method by 0.09 mGy. Organ dose was found to disagree with our calculated dose, yet organ dose is potentially beneficial for rapid dose audits. Conclusions drawn based on the organ dose alone come with a risk of over or underestimating the calculated dose to the patient and this error should be considered in any reported results.
Introduction
Screening mammography invites healthy women for an x-ray examination of the breast, with the aim of early detection of breast cancer. The benefits of screening mammography have been scientifically examined and it has been shown, on the basis of randomized controlled trials, that screening mammography reduces breast cancer mortality by up to 25%. [1] [2] [3] [4] This evidence was revisited in 2015 to find out if it is still valid today. The International Agency for Research on Cancer conducted a review of all published peer-reviewed literature through which they concluded that mammography screening is still effective in reducing breast cancer mortality. 5 Mammography efficacy in detecting breast cancer in early stages comes with a small but nonnegligible risk of radiationinduced cancer to the fibroglandular tissues of the breast 6 and possibly other exposed organs. 7 Monitoring the breast-absorbed dose is thus vital to ensure unnecessarily high doses do not occur; therefore, many quality assurance (QA) protocols have included breast dose assessments to govern the diagnostic adequacy of the imaging techniques in mammography. [8] [9] [10] [11] Mean glandular dose (MGD) is the main descriptor of absorbed dose to the breast. MGD is calculated using conversion factors established by Monte-Carlo simulations. Dance et al., [12] [13] [14] Sobol and Wu, 15 Wu et al., 16 and Boone et al. [17] [18] [19] have established conversion factors that are widely used to estimate MGD. The three models differ slightly in the simulation method, but all reported conversion factors dependent on breast thickness, glandularity, x-ray spectra, and beam quality. The conditions underlying Monte-Carlo simulation employed by different authors can impact the estimated dose by up to 19%. 20 The estimation of MGD is dependent on the values of half value layer (HVL) and output, while these values are also dependent on the measurement methods and can change substantially depending on the dosimeters and how they are used. 21 Furthermore, MGD is estimated using Monte-Carlo simulations, which utilize a computer model of the breast to simulate photon absorption in the glandular tissue of the breast, hence making MGD a dose to a breast model rather than a dose to the breast. This makes the estimation of MGD prone to errors regardless of the method used, hence, it is important to highlight that MGD is and will always be an estimation as it is not possible to measure the dose absorbed by the glandular tissue directly as well as the differences in density distribution of the glandular tissue that also depend on the thickness of the breast and age of women.
Modern technology and the introduction of digital mammography provide valuable utility to easily collect data required to facilitate dose audits. The readily available estimation of MGD displayed by the digital systems provides a digital indication of the breast dose named organ dose, as well as information on radiographic technique and the performance of the imaging system. However, this estimated organ dose needs to be validated against other calculation methods before it can be used for dose audits or as an alternative approach to establish diagnostic reference levels (DRLs). Borg et al. 22 The following information was extracted from the Digital Imaging and Communication in Medicine (DICOM) headers using a third party software (YAKAMI DICOM Tools ver. 1.4.1.0, Kyoto University, Japan), namely: age, study date, compressed breast thickness (CBT), presence of implants, view, laterality, tube voltage (kVp), tube current exposure time product (mAs), target material, filter material, exposure control mode, organ dose, detector ID, and mammographic unit model. Further QA data required for the calculation of MGD were collected from the annual QA medical physics reports of participating centers through the Cancer Institute of NSW. These reports consisted of dose measurements on 20, 42 American College of Radiology (ACR) mammography accreditation phantom, and 60 mm phantom thicknesses for different anode/filter combinations. It should be noted here that as QA reports vary in detail given, some estimation is necessitated to calculate the output and HVL. The normal QA practice for mammography units is made on three different phantoms, hence, different sets of data (HVL, output, and mAs) were provided for different anode/filter combinations. Extrapolation was used to estimate the HVL for mammograms taken by anode/filter combinations that had one set of QA data using the method published by Robson et al. 23 and expanded by Borg et al. 22 Different dosimeters utilized to measure the output may have slight differences some of which are stated in the calibration certificates provided from the manufacturers and could carry up to 5% error in calibration.
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Data Preparation
Only mammograms for women with no breast implants, aged 40 to 64 and a CBT 20 to 110 mm, were included. Any exposure information with manual exposure settings, no organ dose in DICOM header, or missing QA data were excluded due to the lack of exposure information to calculate MGD. The final data set included 27,869 mammograms from 40 BreastScreen centers and mobile vans (53 digital mammography units).
Mean Glandular Dose Estimation
Mammography system vendors utilize different methods for the estimation of organ dose displayed by the imaging systems. Philips (Sectra) and Fujifilm utilize Dance method, while E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 2 . 3 . 1 ; 3 2 6 ; 4 6 0
where K is the incident air kerma (IAK) at the upper surface of the breast. g converts IAK to MGD for a breast with 50% glandularity. This method incorporates an estimation of glandularity provided as the c factor, which corrects for differences in glandularity other than the 50% and is given for two age groups 40 to 49 and 50 to 64 years. g and c are dependent on HVL and CBT. s is spectra dependent, it corrects for different types of spectra where s ¼ 1 for Mo/Mo anode/filter combination and changes for other combinations.
Wu's method
Wu's method utilizes the following equation:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 2 . 3 . 2 ; 3 2 6 ; 2 8 9
where K is the IAK at the upper surface of the breast and DgN is the normalized glandular dose per unit IAK. This method was applied using the paper published by Sobol and Wu, 15 which provides parameterization equations to calculate DgN for different anode/ filter combinations and different glandularities. The parameterization equations were implemented into our excel workbook using 50% glandularity. Wu's method is limited to three spectra namely Mo/Mo, Mo/Rh, and Rh/Rh, hence it could only be applied on the GE units.
Boone et al. method
Boone's method [17] [18] [19] utilizes Wu's equation to calculate the MGD with data tables having an extended utility to include more anode/filter combinations (W/Rh and W/Ag) and thicker breasts. Boone data tables are provided for 0%, 50%, and 100% glaundularities and those tables were used to calculate the MGD with the assumption of 50% glandularity. 
Data Analysis
Bland-Altman analysis was used to study the agreement between organ dose and each of the three other calculation methods. Multiple regression analysis was performed to study the correlation between organ dose and each calculation method (SPSS v22, Excel 2011). Table 2 shows the average MGD values and standard deviation (SD) for the organ dose and the three calculation methods.
Results
The Bland-Altman analysis revealed statistically significant bias between organ dose and the three calculation methods with bias values, 95% limits of agreements (LOA), and p values shown in Table 3 . Linear regression models for each mammography unit make are shown in Figs. 1(a) , 2(a), 3, and 4.
Discussion
The variation in methods used to estimate MGD makes international comparisons difficult. 27 The same issue exists for the organ dose displayed by the imaging system, where different vendors are using different methods to estimate the organ dose, although it is important to emphasize here that the calculation methods employed by different vendors are not clear. Organ dose displayed by the system could be used as a robust method to evaluate the dose for a wide range of breast thicknesses and systems, as well as facilitating larger sample sizes. However, the use of organ dose needs to be validated against other dose calculation methods before it can be implemented. This study examined the agreement and correlation between MGDs calculated using three Monte-Carlo methods and the organ dose displayed by the mammography systems. Philips systems showed a statistically significant bias indicating the displayed organ dose is overestimating Dance MGD by an average of 0.03 mGy, while Boone MGD under estimated the organ dose by a higher bias (Table 3 ). This is expected as the Philips (Sectra) systems employ Dance conversion factors for the organ dose estimation. On the other hand, the scatter plot for the Philips systems revealed a group of dose points that have a higher difference between the organ and Dance MGD [ Fig. 1(a) ]. These belonged to one system and are due to an error in the QA data collection for that system or an error in the system calibration. A scatter plot with those dose points removed shows a higher correlation increasing from R 2 ¼ 0.87 to R 2 ¼ 0.96 [ Fig. 1(b) ]. Removing that system from the analysis increased the bias from 0.03 to 0.047 mGy. Therefore, as the bias is small in comparison to the clinical dose of 2.0 mGy, and there is a narrow upper and lower 95% LOA (Table 3) , we can conclude that the calculated and organ doses are in agreement.
GE systems varied in performance depending on the model and version; in total though, they showed an average bias overestimated the organ dose by a 0.20 mGy, a few units had higher or lower bias, one of which overestimated the calculated dose by an average of 0.36 mGy. Figure 2(a) shows the correlation between calculated dose (Wu method) and the organ dose with R 2 ¼ 0.85. Due to the higher bias, further investigation was carried out and it was discovered that GE systems utilize a proprietary measure of glandularity and they enter this into the DICOM header at tag 0040,0310 "Comments on radiation dose." It was also found that the glandularity estimation was set to 50% in some centers and many mammograms had 0% or 100% estimations, regardless of the breast thickness. Neither the glandularity estimation method nor its accuracy is described in the literature. Nonetheless, once the calculations were adjusted to account for the proprietary glandularity estimation the bias was substantially reduced (Table 3) and showed a much better correlation with an R 2 ¼ 0.92 [ Fig. 2(b) ]. Although the GE organ dose had a higher level of agreement with the Wu method after the inclusion of the proprietary glandularity estimation, these 0% glandularity estimations in many of the GE systems mean that these organ doses cannot reflect the calculated MGD correctly as they do not account for any glandularity.
Hologic system's organ dose reported a small bias (Table 3 ) underestimating the Boone calculated MGD, nonetheless, it shows a difference of up to 0.67 mGy, which represents the complete absorbed dose for small breast thicknesses. The correlation between calculated dose (Boone method) and organ dose show an R 2 ¼ 0.8, which although good, is the lowest correlation out of the four vendors. We can conclude that in our study the Hologic system organ dose did not accurately reflect our calculated dose.
Fujifilm constitutes less than 4% of the total sample. Only one Fujifilm amulet unit was included in this survey, hence no intrasystem comparison was possible. Other Fujifilm units were computed radiography (CR) systems that did not record organ dose. The Fijifilm amulet unit showed average results underestimating Dance MGD with a small positive bias of 0.09 mGy. Linear regression showed an excellent correlation with R 2 ¼ 0.94 (Fig. 4) .
Organ dose from the four systems showed a statistically significant bias when compared to the calculated dose. It has been reported that the statistical significance of the bias in the BlandAltman method should not be the only value considered; the clinical significance of that value and the LOA should be considered as well. In this study, the bias reported for Philips (Sectra), Hologic, and Fujifilm are considered clinically insignificant, being much smaller than the clinical dose. Nonetheless, when considering how wide the LOA are, it can be concluded that a disagreement between organ and calculated doses was found. Furthermore, it should be stressed that vendors using different methods of estimating the organ dose make reporting the dose across systems unreliable, as the dose reported by the three methods differ by up to 19%. Nonetheless, with vendors using various algorithms, some of which are not particularly well defined, there is a need for further work to establish a benchmark and allow comparison of doses between systems.
MGD calculation methods are all estimates; they are prone to systematic errors throughout measurement and calculation. Earlier methods of measuring the entrance dose using TLDs, although difficult, time consuming, and having smaller sample sizes, offered more accurate measurements. The bias reported here for some systems was 0.36 mGy, which is 18% of the acceptable dose level of 2.00 mGy reported by the European commission for a 4.5-mm breast thickness. 11 This is still within the error value that is reported for the dose calculation methods. However, choosing to use organ dose may risk underestimating the dose by up to an overall average of 0.09 mGy with a range from −0.52 to 0.34 mGy. This range of bias could result in a clinically important discrepancy between calculated and organ dose of up to 0.52 mGy. Considering that the European protocol DRL for a 45-mm breast thickness is 2.0 mGy, 11 this could have important implications for reporting doses locally and nationally. Further work might examine actual air kerma using TLDs on select phantoms, such as the ACR phantom and phantoms with different thicknesses.
Conclusion
Organ dose was found to disagree with calculated dose, with a bias ranging from −0.24 to 0.36 mGy. However, organ dose is potentially beneficial for rapid dose audits in centers using mammography units of the same make. Conclusions drawn based on the organ dose alone, whether to establish DRLs or for dose audits, come with a risk of over or underestimating the calculated dose to the patient by up to 18% for a standard breast and this error should be considered in any reported results.
